• Opacity pulses and opacity pulse propagation times were recorded from the external carotid arterial bed (ear) and from the ipsilateral internal carotid arterial bed of the pial-cortical surface within the closed skull of conscious monkeys and anesthetized cats during the resting state and during carotid compression. Propagation of opacity pulses to the ear precedes those to the ipsilateral brain by 10 to 100 msec. Mean values of all pulse propagation time measurements to both brain and ear during successive cardiac cycles are stable from one minute to the next in the resting state. With compression of the common carotid artery, pulse propagation time to both beds is prolonged for the duration of compression, returning promptly to precompression levels with release of the artery, but the degree of prolongation is more marked in the external carotid bed. It is suggested that the consistent differences observed in both species between opacity pulses and pulse propagation times in the two beds, as well as the difference in responses to carotid compression, may result from inherent differences in properties of the vascular wall in the beds concerned, and/or from differences in collateral circulatory pathways subserving these beds during carotid artery obstruction.
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• Recently, opacity pulse propagation techniques have been applied as a clinical screening procedure in carotid occlusive vascular disease. 1 ' 2 The purpose of this communication is to describe results of animal experimentation which form the basis for application of these techniques to the problem of carotid arterial disease in humans.
Pulse propagation time is defined as the time interval from occurrence of cardiac From ventricular systole until arrival of the corresponding pulsatile event at some other point in the vascular system. 8 ' * Techniques and equipment have been described by means of which this interval can be sampled continuously with an accuracy of ± 1 msec at several locations in the body simultaneously. 5 For purposes of making this measurement, other techniques were developed to identify the occurrence of the cardiovascular event in the microvascular bed of various tissues by monitoring the change in opacity of tissue that occurs during each cardiac cycle. 8 -*• 6 -7 Change in light intensity with change in opacity of the tissue, when converted by a photocell to voltage for recording, takes the form of a wave-the opacity pulse wave. 1 ' 8 Pulse propagation measurement techniques are based on the hypothesis that HECK propagation of a pulse wave in a blood vessel is a function both of distance that the pulse must travel and of the degree of tension existing within the vascular wall. According to this hypothesis, greater tension in the vessel wall, such as might occur with vasoconstriction, results in more rapid propagation of a pulse through the vessel and, therefore, in a shorter pulse propagation interval. Conversely, reduction in vascular wall tension results in prolongation of the pulse propagation interval. Changes in vascular wall tension with vasomotor activity should, then, be reflected from moment to moment by changes in sequential measurements of pulse propagation intervals to the vascular bed concerned. It has been demonstrated that in conjunctival micro vessels the mean level of pulse propagation times does reflect the directly observed vasomotor activity of arterioles very closely, decreasing with vasoconstriction and increasing with vasodilatation. 4 The smallest change in arteriolar diameter detectable by direct observation is associated with a change in mean level of propagation time of just less than 5%. On the other hand, large vessel obstruction, sufficient to necessitate the use of longer collateral channels to maintain perfusion of the microvascular bed concerned, could also result in prolongation of pulse propagation time.
Studies reported here concern: (1) observations on opacity pulse and pulse propagation recorded simultaneously from the external carotid circulation and from the ipsilateral pial-cortical circulation within the closed skull of Rhesus monkeys and cats during the steady state and during carotid artery compression which provide the rationale for clinical application of these techniques; and (2) consistencies of observations in the two species which have also been found in human studies to which the techniques have been adapted. 
Methods
Experiments were carried out in both 14 acutely prepared cats anesthetized with 30 mg/kg pentobarbital sodium and in four chronically prepared, fully conscious Rhesus monkeys 10 to 80 days after implantation of transducers. Fiber optic light guides were implanted onto the surface of the cortex through openings in the skull and meninges. 6 The calvarium was reclosed with dental cement. Light guides were attached to the 402 ipsilateral ear by means of teflon receptacles sewn to opposing surfaces.
In cats, arterial blood pressure and central venous pressure were recorded through intravascular catheters; respiration was monitored by a nasal thermistor; and ECG was recorded from limb electrodes. ECG was monitored in monkeys through steel wire electrodes implanted chronically into rib periosteum in midaxillary lines bilaterally. In some cat experiments, intracranial pressure adjacent to the fiber optic probe monitoring brain opacity pulse was also recorded ( fig. 1 ) through a catheter placed in the subarachnoid space just above the pial surface before reclosure of the skull. 8 Pulse propagation times were sampled sequentially by means of a time interval monitoring system, 5 which measures in milliseconds the time from ventricular excitation (R-wave of ECG) until the arrival of the corresponding pulse wave at the sites monitored (R-brain and R-ear times). The time interval until occurrence of the next Rwave of the ECG is also measured. This interval, the R-R time, is the reciprocal of the instantaneous heart rate.
An electronic clock supplies the diurnal time, in minutes and seconds, at which each interval measurement is made. Individual measurements can thereby be correlated with polygraphical recordings to the exact cardiac cycle during which each was made and can be plotted against diurnal time ( fig. 2 ). In this way, behavior of these parameters as a time function can be appreciated and the exact time at which changes occur clearly defined ( fig. 3 ). Finally, individual measurements over a given period of diurnal time are averaged to obtain a mean value for propagation time or R-R interval for that period (table 1) .
Data reported here are of two types: (1) that recorded from the undisturbed animal in the steady state, e.g., monkeys sitting quietly in a Slrokt, Vol. 1, NoY*mbmr-D*c*mb*r 1970 monkey chair; and (2) that recorded during compression of the common carotid artery on the side of opacity pulse wave monitoring. The latter was accomplished by firm digital pressure medial to the sternomastoid muscle and posteriorly to compress the artery against the transverse processes of the spine without compressing the trachea.
After sacrifice, brains of all animals were examined for pathology.
Results
In both acutely prepared, anesthetized cats and chronically prepared, fully conscious monkeys, opacity pulse waves derived from the internal carotid and external carotid vascular beds are not synchronous (fig. 4) . Waves from the external bed precede those from the internal bed by varying intervals of 10 to 100 msec, the duration of this interval varying from one cardiac cycle to the next This shifting asynchrony is demonstrated when sequential measurements of pulse propagation time to the brain surface and ipsilateral ear are plotted against diurnal time ( fig. 2 ). Propagation times to either vascular bed change periodically, increasing and decreasing several times every 404 minute. These periodic changes are not related to changes occurring during each respiratory cycle in the intrinsic frequency of the heart rate (R-R time), in arterial blood pressure, in central venous pressure or in subarachnoid CSF pressure ( fig. 2 ). Between the two beds, they differ essentially in both magnitude, i.e., the range of individual measurements ( fig. 2 ; table 1), and in duration, i.e., the number of seconds over which the sequential measure- ments are increasing or decreasing. In undisturbed animals, the magnitude of periodic changes in propagation time to the brain is generally two to two and one-half times that occurring in the ipsilateral ear ( fig. 2; table 1 ). Periodic changes occurring in propagation time to the brain bear no apparent relationship to those occurring concurrently in the ear. Because of this lack of relationship, measurements in the two beds may approximate each other briefly, but the mean value of propagation time about which these periodic changes occur is, in the undisturbed animal, always greater in the brain (table 1) .
Despite wide range of fluctuation in individual measurements, during the steady state the mean values of all measurements during successive one-minute periods are extremely stable and do not alter more than ± 5 msec in both internal and external beds over substantial periods of time (table 1) .
Compression of the common carotid artery in both conscious monkeys and anesthetized cats results in marked reduction or obliteration of opacity pulse from the ear, while the brain pulse, after an initial reduction, returns to near control amplitudes with 5 to 20 heart beats ( fig. 5 ). Propagation time to the brain during compression rises promptly to a new level which is maintained during the period of compression, dropping rapidly to control values with release of the carotid ( fig.  3 ). Prolongation in pulse propagation times to the external carotid bed in the ear were, during any given compression, greater than that of the internal carotid bed on the brain surface, in terms of both absolute millisecond and percentage change from control ( fig. 6) .
Examination of brains and of the cranial cavity after sacrifice showed no gross variation or abnormality in the anastomotic vessels at the base of the brain. In cats, the rete mirabile conjugatum 0 was regularly present.
Discussion
The origin of opacity changes occurring in tissue during each cardiovascular cycle is incompletely understood. Characteristics of opacity pulse wave recordings have been related to the size and configuration of vessels monitored and to changes in pressure gradients. 7 Pulsatile changes in opacity have been derived from a variety of tissues by other
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Opacity investigators using methods similar to those described here. 8 ' 10 These pulsatile changes have, in the past, been attributed to change in blood volume of the tissue monitored during each cardiovascular cycle. 8 ' "• 10 Kuroda and Fujino 11 have demonstrated, however, that when erythrocyte suspensions of fixed quantity are made to flow even in vitro, a change in the amount of light transmitted through the suspension-the "streaming transparency"-occurs. Studies in this laboratory 4 ' 12 indicate that the opacity wave is a complex Theological phenomenon not due to changes in volume flow of blood in the tissue alone and not associated with change in diameter of the vessel. Changes in wave amplitude and contour correlate more closely with changes in flow velocity than with those in flow volume. Hence the term "plethysmogram," applied to this phenomenon in earlier communications, 5 ' ° has been abandoned, because of its connotation of volume change, in favor of the less-specific but phenomenologicalry more accurate term "opacity pulse."
Recently Rosenblum, 3 using high-speed cinematography to study pial microcirculation of exposed mouse brain, has detected in these microvessels the presence of "velocity pulses" which occur at the frequency of the heart rate and which are not accompanied by changes in width of the vessels. It seems likely that the pulsatile changes in red cell velocity observed by Rosenblum are related to the opacity wave phenomena described here.
Asynchrony of opacity pulses derived from the pial-cortical surface and from the ipsilateral ear was consistently observed in animals. In human studies, 1 ' -a similar asyn- 
Changes in R-R interval, R-ear and R-brain propagation times during three successive carotid compressions in a conscious monkey showing mean values for each measurement before, during and between compressions. Time base in minutes. Percent change in mean values during compressions: (1) R-brain
chrony is found between pulses derived from facial skin supplied by branches of the internal carotid artery and those from skin supplied by external carotid arterial branches and forms the basis for differentiation of internal and external carotid circulatory beds. In this Stroke, Vol. 1, November-Dmrembtr 1970 regard, it seems significant that Laitinen, 4 recording pulsatile impedance changes from the thalamus and scalp of humans, found that impedance pulses from scalp regularly precede those from the brain. The asynchrony of opacity pulses, the HECK difference in pulse propagation times and the difference in response to carotid compression ( fig. 6 ) in two beds could involve factors both of distance of internal and external carotid beds from the heart and of intrinsic differences in vascular wall properties and tension. These may not be the only factors concerned. Both vascular beds are supplied by the common carotid artery, but, in most other respects, they are dissimilar both anatomically and physiologically. The difference in metabolic requirements and critical importance of tissues subserved by either bed are obvious, and differences in response to metabolic, electrical and drug stimulation have been well documented. Equally well known, but never adequately explained in terms of physiological function, are the anatomicophysical differences in the wall structure of cerebral blood vessels which, when compared to vessels of comparable diameter elsewhere in the body, are different in both wall thickness and composition.
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Further, cerebral vessels normally function under conditions of the Monro-Kellie hypothesis. 17 Under these conditions, the extravascular pressure of cerebral vessels, i.e., the intracranial pressure, changes during each heart beat and each respiration ( fig. 1) . It is well established that the transmural pressure gradient (intravascular pressure minus extravascular pressure) may exert a profound effect, not only on vessel wall thickness and radius but also on tension generated in the vascular wall necessary to preserve the physical equilibrium of the vessel. fig. 1 ), in none of these data have the periodic changes in pulse propagation time been found to correlate with periodic changes in CSF pressure during respiration ( fig. 2 ). This lack of correlation suggests that changes in extravascular pressure (and in vascular wall tension) may be interacting dynamically with the many other factors mentioned above during each cardiovascular cycle and each respiration, not only to maintain the regulation of tissue perfusion required, but also to maintain the physical equilibrium required to preserve the anatomical integrity of the vessel wall. 18 " 20 In this regard, it has been suggested 8 that the integrity of the skull and the existence of conditions governing the Monro-Kellie hypothesis may serve to enable "fine tuning" of vessel wall tension and vascular radius in regulation of cerebral blood flow.
Pulse propagation times to carotid beds are of the same magnitude in both monkeys and cats despite difference in size and, therefore, distance of beds from the heart. Further, the magnitude of the asynchrony between pulses and the difference in propagation measurements of internal and external carotid beds are virtually the same, this despite a marked species difference in anatomy of cerebral circulation. In primates, the internal carotid artery is well developed and predominates in perfusion of cerebral hemispheres, 21 whereas in carnivores the internal carotid arteries are small and are supplemented at the base of the brain by the rete mirabile conjugatum shunt from the external carotid circulation. 9 '
21
The periodic changes occurring several times each minute in opacity pulse measurements from brain cortical microvessels and ipsilateral ear, evident when these measurements are plotted against diurnal time ( fig. 2) , have been found in other microvascular beds as well, 4 though the frequencies and range of individual measurements over which these changes occur are different in different beds. It should be emphasized that the magnitude of range in these continuous measurements is similar in the ear and conjunctiva 4 of experimental animals and in facial skin of humans, 2 whereas the range of individual measurements from brain cortical surface is far greater, being two to two and one-half times the magnitude found in beds elsewhere monitored thus far It further seems significant that, in the resting state, despite this wide range of individual measurements, the mean value of all measurements made to a given bed does not vary more than ± 4 to 5 msec from one minute to the next (table 1). In terms of the hypothesis advanced, this implies that cumulative tension in microvessels, including those of the brain, over these successive time periods is extremely stable in the resting state despite moment-to-moment adjustments in vessel wall tension, as these are reflected in the constantly changing individual propagation intervals.
With obstruction of a vessel at some point between the pulse-generating organ (i.e., the heart) and the point to which propagation time is measured, a static increase in the mean level of propagation time is observed and persists until the obstruction is removed, while the periodic changes in individual measurements discussed above continue to occur about this new mean level ( fig. 3 ). These observations constitute the rationale for the use of pulse propagation measurement employing both opacity pulse 1 ' -and pressure oscillation transducers techniques 22 in clinical screening for occlusive vascular disease.
The mechanism responsible for prolongation of propagation time observed with carotid compression is not manifest in these data. Two possibilities, both in concert with the hypothesis advanced, are suggested: (1) with vessel occlusion, the pulse may have to traverse collateral, and, therefore, longer pathways to reach the site of monitoring; (2) with reduction of intravascular pressure distal to the site of vascular occlusion, 2 " reduction in the transmural pressure gradient across the microvascular wall (see equation 1) may result in an increase in radius-wall thickness ratio; i.e., vasodilation or reduction in wall tension, or both, and, therefore, in an increase in propagation time. The latter implies a myogenic response of relaxation in response to a decrease in intravascular pressure. Neither of these mechanisms is mutually exclusive and both could be operant. Indeed, this dualism would seem to provide a more acceptable explanation of prolonged propagation time in human studies where obstruction of the carotid artery is less than complete. 24 
